A great deal of information is now available concerning the microbial oxidation of aldose sugars to the corresponding aldonic acids (Wood, 1957) . In many cases, the oxidative enzyme systems are linked to the respiratory chain of the organism, and, as such, they appear bound to the particulate fraction of cell-free extracts. Whereas much is known of the terminal electron transfer components (Wood, 1955; King and Cheldelin, 1957;  Hauge, 1960 Hauge, , 1961  Smith, 1961) , the nature of the span between the aldose substrate and the cytochrome system remains ill-defined.
In certain soluble aldose dehydrogenase systems, the phosphopyridine nucleotide coenzymes play an important role. This appears to be the case with liver (Harrison, 1931) and some species of Pseudomonas (Doudoroff, Contopoulou, and Burns, 1957;  Weimberg, 1961) . There is also evidence for the participation of flavin coenzymes in soluble aldose dehydrogenase enzyme systems of fungi (Keilin and Hartree, 1948; Cooper et al., 1959; Kusai et al., 1960) , the red alga Iridophycus flaccidum (Bean and Hassid, 1956) , and a higher plant, Citrus senensis (Bean, Porter, and Steinberg, 1961) . Although both classes of coenzymes ' Present address: Department of Microbiology, Indiana University Medical Center, Indianapolis.
are involved in soluble aldose dehydrogenase systems, there is no strong evidence for their participation in the particulate aldose dehydrogenase systems of microorganisms. Szymona and Doudoroff (1960) have elucidated the pathways of carbohydrate metabolism in the photosynthetic bacterium Rhodopseudomonas spheroides. In this case, a particulate aldose dehydrogenase system was involved in the oxidation of glucose and mannose to the corresponding aldonic acid lactones. Unlike previously described microbial systems, the particulate aldose oxidase of R. spheroides was dependent upon an unidentified heat-stable soluble cofactor for its activity. This system afforded an opportunity to examine more closely the nature of the coupling between the aldose dehydrogenase and the respiratory chain.
In the present work, particulate fractions of R. spheroides have been studied with respect to the oxidative enzyme systems for aldose sugars, reduced nicotinamide adenine dinucleotide (NADH2), and succinic acid. Aerobic and photosynthetic cultures were studied with regard to the level and subcellular distribution of the aldose dehydrogenase cofactor. Methods for the assay and partial purification of the cfactor are presented.
NIEDERPRUEM AND DOUDOROFF MATERIALS AND METHODS R. spheroides (2.4.1C) from the "wild-type" strain 2.4.1 of the culture collection of C. B. van Niel was used in this work. Conditions for stock cultures and liquid cultures have been described previously (Szymona and Doudoroff, 1960) .
The cells were collected from the culture medium by centrifugation and suspended in 0.075 M tris(hydroxymethyl)aminomethane (Tris)-phosphoric acid buffer (pH 7.3). A white crystalline precipitate, tentatively identified as magnesium ammonium phosphate, was removed from the cells by filtration. The cells were concentrated again by centrifugation and the cell pellets were frozen and stored at -20 C with little loss of enzymatic activity. The cell pellets were thawed and 10% suspensions (wet w/v) were prepared in 0.075 M Tris-phosphoric acid buffer (pH 7.3). Aerobically cultured cells were rather resistant to the sonic disintegration method used by Szymona and Doudoroff (1960) , whereas treatment with a French pressure cell (American Instrument Co., Inc., Silver Spring, Md.) at 20,000 lb of pressure gave approximately 80% breakage. Hence, most extractions were performed with the latter method.
The extract was first centrifuged at 2,000 X g for 15 min in the cold, the residual cells and debris were discarded, and the supernatant liquid was centrifuged at 144,000 X g for 90 min in a Spinco refrigerated preparative ultracentrifuge. The pellet was resuspended in Tris-phosphoric acid buffer (pH 7.3) and served as the source of the particulate enzyme fraction. The final supernatant fraction was boiled for 15 min and clarified by centrifugation. This material, which will be referred to as the "boiled soluble fraction," served as a source of crude cofactor for the particulate enzyme system. Preliminary experiments indicated that roughly 50% of the initial glucose oxidase activity of the aerobic cell extracts was lost after storing the particles for 24 hr at either 4 or -20 C. All subsequent work was done with fresh extracts. The cofactor activity of the boiled soluble fraction also decreased during storage at 4 C, but this could be prevented by freezing. Bacterium anitratum [= Moraxella sp. (Pidchaud, 1961) The stoichiometry of the aldose oxidase system indicated that 0.5 mole of oxygen was consumed per mole of aldose utilized; this was shown for D-glucose, D-mannose, and L-arabinose.
Although cofactor activity for the aldose oxidase was originally detected in the soluble fraction of cell-free extracts, it was subsequently found that boiled extracts of the particulate fraction also possessed cofactor activity for unboiled particles. Moreover, the absolute cofactor content of soluble fraction varied widely in different cultures of R. spheroides. These findings prompted an examination of the cofactor distribution in the particulate and soluble fractions prepared from young (22 hr) and old (72 hr) aerobic cultures. In the experiment summarized in Table 3 , the culture medium (pH 6.8) water to 3.0 ml. Center well contained 0.1 ml of KOH (20%). Endogenous oxygen consumption computed as average for all controls without substrate included in the experiments with different aldoses.
was inoculated to give an initial optical density at 680 mu of 0.050. A generation time of 195 min was observed under these conditions, and, after 22 hr, the culture (pH 7.5) had attained an optical density of 1.140, whereas after 72 hr the culture (pH 7.9) had an optical density of 1.200. It is apparent that cofactor activity is always associated with the particulate fraction in vitro, but appears to be unavailable to the enzyme and can be released by boiling. In contrast, the soluble fraction of young cells (22 hr) is * Glucose oxidation as determined manometrically at 30 C. The system contained, in a total volume of 2.0 ml: 22-hr cell paiticles (11.9 mg of protein) or 72-hr cell particles (13.5 mg of protein); 0.3 ml of boiled soluble fraction (containing approximately 2 mg of protein before boiling) or 0.3 ml of boiled particulate fraction (containing approximately 7.5 mg of protein before boiling); Tris-phosphoric acid buffer (pH 7.3), 120jumoles; D-glucose (where indicated), 24 ,umoles; MgC12, 10 ,umoles; water to 2.0 ml. Center well contained 0.1 ml of KOH (20%). deficient in cofactor activity, whereas with old cells (72 hr) the cofactor is readily detected in the boiled supernatant liquid. Semiquantitative estimations of the levels of cofactor in both particulate and soluble fractions of 24-, 48-, and 72-hr cells indicated that whereas the cofactor content of the particles remained relatively constant, the level of cofactor invariably increased several-fold after the first day of incubation of the cultures. Accordingly, all subsequent preparations of cofactor were made from fully grown aerobic cultures 48 to 72 hr old.
A rough comparison of the amount of cofactor present in the boiled soluble fraction of 72-hr cells with that extractable by boiling from the particulate fraction of the same cells showed that the soluble fraction contains about 1.5 times as much cofactor as the particulate fraction on the basis of dry weight or protein content. Assuming that all of the cofactor can be extracted by boiling, it can be calculated that approximately 75% of the total cofactor content of such cells is in the soluble fraction.
In an experiment designed to test the stability of cofactor in extracts boiled with HCl and subsequently neutralized with NaOH, it was discovered that control preparations of particles that had received only an equivalent amount of NaCl, but no boiled soluble fraction. were active in oxidizing glucose. The effects of various levels of NaCl on the particulate glucose oxidase were studied and the results are shown in Fig. 1 . The salt activation of the particles was not specific for NaCl, and high levels (e.g., 0.5 to 1.0 M) of KCl, LiCl, NH4Cl, Na2SO4, and MgCl2 were also effective. The following evidence indicated that the salt-activated aldose oxidation system was identical with the system activated with boiled soluble fraction. The relative rates of oxidation of different substrates were identical, within the limits of experimental accuracy. For example, the rates of oxygen consumption (in ,uliters per hr) by the same particle preparation activated with boiled soluble fraction and with 1.0 M NaCl, respectively, were: 73 and 82 for glucose, 63 and 61 for galactose, 58 and 59 for ribose, and 20 and 22 for lyxose; 0.5 mole of oxygen was consumed per mole of D-glucose or L-arabinose utilized. In addition, the site of activation with NaCl appeared to be localized between the aldose substrate and PMS.
In the presence of 1.0 M NaCl, the particulate aldose oxidase system was active in the pH range of 5.5 to 9.0, with an optimum of pH 7.4. Approximately 65% of the maximal rate of glucose oxidation was observed at pH 6.7 and 8.5.
Since cofactor could be released from the particles by boiling, it seemed likely that the action of salt might be to liberate bound cofactor from the particles, thereby making it available to the aldose oxidase system. To test this possibility, the particles were suspended in 1.0 M NaCl and washed twice in this medium to decrease the content of particle-bound cofactor. The particulate fraction initially suspended in 1.0 M NaCl was assayed for glucose dehydro-genase with PMS and for glucose oxidase with molecular oxygen. The remainder of the NaCltreated particles was centrifuged at 144,000 X g for 90 min in the cold. The supernatant liquid (supernatant A, Fig. 2) was removed, the sedimented particles (particles II) were suspended in fresh 1.0 M NaCl, assayed as above, and the ,umoles; NaCl, as indicated; water to 3 ml. Center well contained 0.1 ml of KOH (20%). remainder of the particles again centrifuged. The sedimented particles (particles III) were again suspended in fresh 1.0 M NaCl, but this time they were assayed in the presence and absence of supernatant A. Fig. 2 summarizes the protocol and results of this experiment. It is apparent that successive salt treatment depleted the glucose dehydrogenase and oxidase activities of the particles considerably, and that these activities were not completely restored with fresh NaCl. In the presence of the first saline extract (supernatant A), the depleted particles showed an almost complete recovery of both enzyme activities. Since supernatant A was devoid of glucose dehydrogenase activity by itself, these data indicate that the salt liberated cofactor from the particles.
The NADH2 oxidase activity of particles in Tris buffer, isolated from aerobic cells of R. spheroides, was very low, but the rate could be increased up to 10-fold by the addition of salt (Fig. 3) . Salt activation of the NADH2 oxidase system was observed with high levels (0.1 to 0.5 M) of KNO3, NH4Cl, KCl, LiCl, NaCl, Na2SO4, or CaCl2. This stimulatory effect of salts, which may be a nonspecific effect on the surface charge of the particles, has not been clarified. It could not be simulated by the addition of boiled soluble fractions of aerobic cells. No activation of the particulate NADH2 oxidase occurred with ADP and inorganic phosphate, with high levels of sucrose (0.25 to 1.0 M), or with bovine serum albumin. In contrast to the NADH2 oxidase, the succinoxidase of the particles was inhibited between 40 and 60% with very high levels (0.5 to 1.0 M) of NaCl (Fig. 3) . Like NADH2 oxidase, this system was not affected by the addition of boiled cell extracts. The stimulation of NADH2 oxidase and inhibition of succinoxidase by sodium chloride was consistently observed with particles prepared from cultures of different ages and from photosynthetic as well as aerobic cells.
Whereas particles prepared from cells of R. spheroides cultured anaerobically in the light readily oxidized succinate and NADH2 with molecular oxygen, no oxidation of aldose sugars was observed with such preparations, either in the presence of salt or upon the addition of the boiled preparations of the soluble or particulate fractions of the same cells. When, however, such particles were supplemented with boiled extracts prepared from aerobic cells of R. spheroides, they oxidized glucose, but at a rate lower than that observed with particles from aerobic cells. These observations indicate that photosynthetic cells of R. spheroides possess the apoenzyme, but lack the cofactor, for the aldose oxidase system. Since the cofactor-deficient cells had been cultured in the light, it seemed possible that the cofactor is sensitive to illumination. However, a 30-min exposure at 30 C of the boiled extracts of aerobic cells to white light at 1,000 ft-c was without effect on their activity.
The aldose oxidation system of the photosynthetic cell particles appeared to be identical to that described for the aerobic cells. Whereas little oxidative activity was shown with D-lyxose, other aldose sugars, including D-mannose, D-xylose, D-galactose, D-ribose, and L-arabinose, were oxidized at rates ranging from 70 to 100% of that observed with D-glucose. The stoichiometry of the oxygen uptake was also the same as for the aerobic system. In addition, the site of activation by the cofactor appeared similar in that cofactor preparations of aerobic cells activated the glucose-oxidizing system of the photosynthetic particles, with either PMS or molecular oxygen as acceptor.
The finding that the aldose oxidation system of the photosynthetic cell particles was not activated by salt, and was deficient in cofactor, made such particles very useful for the assay of cofactor preparations obtained from aerobic cells of R. spheroides and from other sources (Table 4) . For spectrophotometric assays, the reduction of DIP was measured at 600 m,u in the presence of excess D-glucose, cyanide, MgC92, and the particulate enzyme fraction of cells grown anerobically in the light. The rate of dye reduction was directly related to limiting levels of cofactor, provided a correction was applied for the reduction of dye in the absence of glucose (Table 4 ). The endogenous dye reduction was presumably due to oxidizable substrates present in cofactor preparations. The photosynthetic cell particles could be stored for at least 1 month at -20 C with little loss of dehydrogenase activity.
Preliminary experiments showed that the cofactor could be extracted from whole cells with hot 50% alcohol and purified to a great extent by adsorption on diethylaminoethyl (DEAE) cellulose and passage through a Sephadex G-25 column.
Aerobic cells (61 g, wet weight) of R. spheroides were refluxed for 30 min with boiling 50% ethyl alcohol (total volume, 300 ml), and the extract was clarified by centrifugation. The yellow supernatant liquid was evaporated to dryness, and the residue was taken up in 42 ml of 0.075 M Tris-phosphoric acid buffer (pH 7.3). The solution was again clarified by centrifugation, and 36 ml of it were mixed with 56 ml of a slurry of 6.74 centrifuged again. The supernatant liquid was discarded, and the DEAE cellulose was extracted with 56 ml of 1.0 M NaCl in the same buffer. Over 80% of the cofactor activity and a considerable amount of ultraviolet-absorbing material was eluted in this fraction. A portion of the eluate was passed through a Sephadex G-25 column. The initial, high-molecular-weight fractions contained most of the ultraviolet-absorbing material, whereas later fractions contained about 75% of the original cofactor activity. Although the above procedure resulted in an obviously enormous purification of the cofactor, no quantitative measurement of the degree of purification on a dry-weight basis was possible, since the preparation contained salt.
The cofactor was readily removed by charcoal, but all attempts to recover it met with failure. These attempts included treatment with 5% pyridine, 40% acetone, 95% boiling ethyl alcohol, ethylenediaminetetraacetic acid followed by 50% ethyl alcohol, ammoniacal acetone, and water-NH40H-ethyl alcohol (2:3:5). The cofactor was heat-and light-stable. Cofactor activity was dialyzable, was lost upon ashing, and could not be replaced by nicotinamide adenine dinucleotide, nicotinamide adenine dinucleotide phosphate, FMN, FAD, ADP, niacinamide, or 2,4-dinitrophenol.
No significant cofactor activity for the aldose oxidation system of R. spheroides was detected with boiled preparations of yeast, mouse liver, Pseudomonas fluorescens, and Escherichia coli K-12. Recent studies by Hauge and Murer (1964) and Hauge and Hallberg (1964) have been concerned with the mode of action of glucose dehydrogenase from B. anitratum. We have examined crude preparations of B. anitratum for glucose dehydrogenase and cofactor activities. Particulate fractions of B. anitratum readily oxidized glucose and the addition of crude cofactor from aerobic cells of R. spheroides was without significant effect on this system. Cells of B. anitratum were boiled in 50% ethyl alcohol for 20 min and the centrifuged extract was evaporated to dryness. The residue was suspended in Tris buffer (pH 7.3) and examined for cofactor activity with use of photosynthetic cell particles of R. spheroides. The results are shown in Table 5 . The residual glucose dehydrogenase activity of the hot ethyl alcohol extract of B. anitratum was quite unexpected. However, no glucose oxidase activity was seen with this preparation. Since enzyme preparations of R. spheroides, but not of B. anitratum, oxidize D-ribose, an unequivocal demonstration of cofactor activity in the ethyl alcohol extract of B. activated by sodium chloride. It should be noted, however, that even after two saline extractions, the particles retain approximately half of their enzymatic activity in saline medium. The observation that high salt concentrations are required to elute the cofactor from the anion exchanger, DEAE cellulose, suggests that the particulate fraction of bacterial cells may also have strong binding sites for the cofactor that are enzymatically inactive. It is even possible that the adsorption of the cofactor on the particles of young cells is an artifact of the preparative procedure and that the enzyme system is active in vivo, but not in vitro. After the cessation of exponential growth, the cofactor appears not only in the particulate, but also in the soluble, fraction of the cells. Since no cofactor activity could be detected in yeast, mouse liver, E. coli, or P. fluorescens, the cofactor appears to have a very limited distribution and function in metabolism. Besides R. spheroides, the only organism tested that was found to serve as a source of cofactor was B. anitratum, which, like the former and like P. fluorescens, possesses a particulate cytochrome-linked aldose dehydrogenase.
Unlike the cofactor, the apoenzyme of the glucose oxidase system of R. spheroides is present in photosynthetic as well as in aerobic cells, although its level is lower in cells grown under anaerobic conditions than in those grown with vigorous aeration. It is produced constitutively, and the addition of sugars to the medium does not markedly affect the level of the apoenzyme.
The partial requirement of the enzyme for magnesium recalls similar requirements reported for aldose dehydrogenating systems of Pseudomonas spp. (Lemoigne, Blachere, and Aubert, 1953; Dowling and Levine, 1956; Bentley and Slechta, 1960) and of Aerobacter aerogenes (Dalby and Blackwood, 1955) .
The accumulation of gluconic and 2-keto-3-deoxygluconic acids during anaerobic growth of R. spheroides in sugar media can be reconciled with the absence of cofactor for the aldose dehydrogenase system in photosynthetic cells, in view of the dual origin of gluconic acid. As has been shown by Szymona and Doudoroff (1960) , gluconic acid can be produced not only through the direct oxidation of glucose, but also through the sequential action of glucokinase, glucose-6-phosphate dehydrogenase, and acid phosphatase. Evidence for the functioning of the aldose dehydrogenase in aerobic cultures, on the other hand, rests on the accumulation of mannonic acid in mannose media, since neither mannose kinase nor phosphomannose isomerase could be demonstrated in the cell-free extracts.
The striking and opposite effect of high salt J. BACTERIOL. concentrations on the NADH2 oxidase and succinoxidase activities of the particulate enzyme fractions is worth noting. This effect is almost certainly not due to the release of the glucoseoxidase cofactor, since it is observed in preparations of photosynthetic cells, which do not contain any detectable bound cofactor.
